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Abstract 9 
Nekoite Ca3Si6O15·7H2O and okenite Ca10Si18O46·18H2O are both hydrated calcium silicates 10 
found respectively in contact metamorphosed limestone and in association with zeolites from 11 
the alteration of basalts. The minerals form two-Dimensional infinite sheets with other than 12 
six-membered rings with 3-, 4-, or 5-membered rings and 8-membered rings.  The two 13 
minerals have been characterised by Raman, near-infrared and infrared spectroscopy.  The 14 
Raman spectrum of nekoite is characterised by two sharp peaks at 1061 and 1092 cm-1 with 15 
bands of lesser intensity at 974, 994, 1023 and 1132 cm-1. The Raman spectrum of okenite 16 
shows an intense single Raman band at 1090 cm-1 with a shoulder band at 1075 cm-1.These 17 
bands are assigned to the SiO stretching vibrations of Si2O5 units. Raman water stretching 18 
bands of nekoite are observed at 3071, 3380, 3502 and 3567 cm-1.  Raman spectrum of 19 
okenite shows water stretching bands at 3029, 3284, 3417, 3531 and 3607 cm-1.  NIR spectra 20 
of the two minerals are subtly different inferring water with different hydrogen bond 21 
strengths. By using a Libowitzky empirical formula, hydrogen bond distances based upon 22 
these OH stretching vibrations.  Two types of hydrogen bonds are distinguished: strong 23 
hydrogen bonds associated with structural water and weaker hydrogen bonds assigned to 24 
space filling water molecules.  25 
 26 
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Introduction 30 
Nekoite Ca3Si6O15·7H2O [1] is a hydrated calcium silicate as is okenite Ca10Si18O46·18H2O 31 
[2].  The two minerals are very similar and the name nekoite is simply an anagram of the 32 
word okenite [3-5]. The two minerals nekoite and okenite are not metamorphosed limestone. 33 
They are both hydrated calcium silicates found respectively in contact metamorphosed 34 
limestone and in association with zeolites from the alteration of basalts [6]. It is most 35 
commonly found as small white "cotton ball" formations within basalt geodes. These 36 
formations are clusters of straight, radiating, fibrous crystals that are both pliable and fragile. 37 
Other minerals associated with okenite include apophyllite, gyrolite, prehnite, chalcedony, 38 
goosecreekite and many of the other zeolites.  Nekoite and okenite are two-Dimensional 39 
infinite sheets with other than six-membered rings with 3-, 4-, or 5-membered rings and 8-40 
membered rings [3, 6, 7].  Okenite and nekoite can be distinguished by means of their optical 41 
properties and X-ray diffraction patterns [2]. Sheet silicates such as okenite and nekoite have 42 
the potential to function as catalysts.  43 
Both nekoite and okenite are triclinic minerals with point group: 1bar [3, 6].  Nekoite consists 44 
of crystals composed of fine, slender needles, to 5 mm, elongated parallel to 001 axis.  45 
Okenite consists of bladed crystals or laths, typically fibrous with the fibre axis along the 010 46 
axis [5]. The cell data of nekoite is space group: P1: a = 7.558(3), b = 9.793(5), c = 7.339(5), 47 
α = 111:77(7), β= 103:50(5), γ = 86:53(3) and Z = 1. The cell data of okenite is space group: 48 
P1: a = 9.69(1), b = 7.28(1), c = 22.02(4),  α = 92:7(2), β= 100:1(3), γ = 110:9(1) and Z = 2.  49 
The crystal structure of nekoite consists of tetrahedral sheets interlayered with octahedral 50 
chains. The tetrahedral S6O15 sheets form alternating bands of 5- and 8-membered rings.  51 
Water molecules occupy the empty spaces between these chains. Some thermal analysis 52 
studies of okenite have been undertaken to determine the nature of water and thermal stability 53 
of the mineral [8, 9].   54 
 55 
To the best of the authors’ knowledge, there have been no spectroscopic studies of the 56 
minerals okenite and nekoite. Yet, vibrational spectroscopy has proven very useful for the 57 
study of minerals [10-19]. The objective of this research is to report the vibrational spectra of 58 
okenite and nekoite and to relate the spectra to the molecular structure of the minerals.  59 
Experimental 60 
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Mineral 61 
The minerals used in this study were supplied by The Mineralogical Research Company 62 
(USA). The two nekoite samples originated from (a) Iron Cap Mine, near Klondyke, Cochise 63 
County, Arizona (b) Versuvianite, Crestmore Quarry, near Riverside, Reverside County, 64 
California. The okenite mineral came from Pune District (Poonah District), Maharashtra 65 
State, India. Details of the minerals nekoite and okenite have been published (page 575 and 66 
596) [20]. 67 
Raman spectroscopy 68 
Crystals of okenite and nekoite were placed on a polished metal surface on the stage of an 69 
Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The 70 
microscope is part of a Renishaw 1000 Raman microscope system, which also includes a 71 
monochromator, a filter system and a CCD detector (1024 pixels). The Raman spectra were 72 
excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 73 
nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range 74 
between 200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest 75 
magnification (50x) were accumulated to improve the signal to noise ratio of the spectra. 76 
Because of the lack of signal, over 1200 scans were made. Raman Spectra were calibrated 77 
using the 520.5 cm-1 line of a silicon wafer.  The Raman spectrum of at least 10 crystals was 78 
collected to ensure the consistency of the spectra.   79 
 80 
Infrared spectroscopy 81 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 82 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 83 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 84 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.  The infrared spectra 85 
are given in the supplementary information.   86 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 87 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 88 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 89 
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that enabled the type of fitting function to be selected and allows specific parameters to be 90 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 91 
function with the minimum number of component bands used for the fitting process. The 92 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 93 
undertaken until reproducible results were obtained with squared correlations of r2 greater 94 
than 0.995.  95 
Results and Discussion 96 
The Raman spectra of nekoite Ca3Si6O15·7H2O and okenite Ca10Si18O46·18H2O in the 100 to 97 
3700 cm-1 are displayed in Figures 1a and 1b.  The infrared spectra of nekoite 98 
Ca3Si6O15·7H2O and okenite Ca10Si18O46·18H2O in the 500 to 4000 cm-1 are displayed in 99 
Figures 2a and 2b.  These spectra show the complete spectra and show the position and 100 
relative intensities of the bands.  In the spectra there are complete sections where no intensity 101 
is observed. The spectra of the two minerals (although the minerals are related in structure 102 
and formula) appear different. The Raman spectra of nekoite and okenite in the 800 to 1400 103 
cm-1 spectral range are displayed in Figures 3a and 3b.  The infrared spectra of nekoite and 104 
okenite in the 500 to 1300 cm-1 spectral range are displayed in Figures 4a and 4b. 105 
 106 
The Raman spectrum of nekoite in this spectral range are dominated by two sharp peaks at 107 
1061 and 1092 cm-1 with bands of lesser intensity at 974, 994, 1023 and 1132 cm-1.  Dowty 108 
[21-23] calculated and predicted the spectra of silicate minerals with different structures.  109 
Importantly, given the Raman and infrared spectra, the types of silicate structures may be 110 
deduced.  The bands at 1092 and 1061 cm-1 are attributed to Si2O5 units. In simple terms the 111 
bands are due to SiO stretching vibrations. These bands are of low intensity in the infrared 112 
spectrum.  Infrared bands are observed at 966 and 1009 cm-1 and are assigned to the SiO 113 
antisymmetric stretching vibrations.  Infrared bands of lower intensity are observed at 1037, 114 
1080 and 1124 cm-1.  115 
The Raman spectrum of okenite, in contrast, shows an intense single Raman band at 1090 116 
cm-1. A shoulder band is observed at 1075 cm-1. These two bands match the two bands of 117 
nekoite at 1061 and 1092 cm-1.  Raman bands of lower intensity are observed at 943, 973, 118 
1024, 1125 and 1180 cm-1.   The infrared spectrum of okenite shows great complexity. Strong 119 
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infrared bands are found at 922, 978, 1019, and 1074 cm-1. These bands may be assigned to 120 
SiO antisymmetric stretching vibrations.  121 
The Raman spectra of nekoite and okenite in the 300 to 800 cm-1 spectral range are reported 122 
in Figures 5a and 5b. The Raman spectra of nekoite and okenite in the 100 to 300 cm-1 123 
spectral range are reported in Figures 6a and 6b. The complexity of the Raman spectrum of 124 
okenite is again not reflected in the Raman spectrum of nekoite.  Three intense bands are 125 
observed at 525, 588 and 661 cm-1. These bands may be attributed to the OSiO bending 126 
modes of the Si2O5 units. Dowty [23] calculated the position of the bending modes for single 127 
layered silicates.  It is probable that the additional bands are due to the multiple okenite 128 
layers.  For okenite intense Raman bands are observed at 617, 651 and 668 cm-1. Raman 129 
bands of lower intensity are found at 352, 385, 403, 423, 445, 496 and 515 cm-1.  Some of 130 
these bands (352, 385, 403, and 423) are attributed to CaO stretching bands.  In the far low 131 
wavenumber region of nekoite, Raman bands are observed at 136, 156, 180, 198, 240 and 132 
287 cm-1.  The Raman spectrum of okenite in contrast shows intense bands at 133, 190, 211, 133 
228 and 254 cm-1.   134 
 135 
The Raman spectra of nekoite and okenite in the 2400 to 3800 cm-1 spectral range are 136 
displayed in Figure 7a and 7b.  The infrared spectrum of nekoite and okenite in the OH 137 
stretching region is shown in Figure 8a and 8b.  Both spectra show some complexity. Water 138 
stretching Raman bands are observed at 3071, 3380, 3502 and 3567 cm-1.  The observation of 139 
multiple bands shows that water is in different molecular environments.  Similarly, the 140 
infrared spectrum of nekoite shows bands at 3056, 3391, 3503 and 3579 cm-1.  The Raman 141 
spectrum of okenite shows water stretching bands at 3029, 3284, 3417, 3531 and 3607 cm-1. 142 
In the infrared spectrum of okenite, infrared bands are observed at 2804, 3041, 3335, 3403, 143 
and 2539 cm-1.  144 
 145 
In the structure of nekoite and okenite, water is bound to the silicate units with different 146 
hydrogen bond strengths. According to Merlino [5], water occupies the spaces between the 147 
nekoite layers. Water molecules occupy the empty spaces between these S6O15 chains.  Okada 148 
et al. [8] determined the thermal stability of a range of calcium silicate hydrated minerals. 149 
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Phadke and Kshirsagar showed that water in nekoite was lost in three steps with structural 150 
water lost at 190 and 370°C. The results of the thermal analysis are in harmony with the 151 
Raman and infrared spectra.  Water in different molecular environments is found.  152 
 153 
The Raman spectra of nekoite and okenite in the 1400 to 1800 cm-1 spectral range are 154 
displayed in Figure 9a and 9b.  The infrared spectra of nekoite and okenite in the water 155 
bending region is shown in Figure 10a and 10b.  The Raman spectral profile may be resolved 156 
into component bands at 1567, 1623 and 1647 cm-1. The latter two bands are assigned to 157 
water bending vibrations. The observation of two bands harmonises with the multiple bands 158 
in the OH stretching region. The Raman spectrum of nekoite in this spectral region is 159 
complimented by the infrared spectrum where infrared bands are observed at 1621, 1650 and 160 
1687 cm-1.  Two other infrared bands are found at 1435 and 1564 cm-1.  The Raman spectrum 161 
suffers from a lack of signal; nevertheless a band may be resolved at 1631 cm-1.  In the 162 
infrared spectrum, bands are found at 1619, 1640 and 1654 cm-1. These bands are attributed 163 
to the water bending modes.  164 
 165 
NIR spectroscopy 166 
The NIR spectra of okenite and nekoite are reported in Figure 11.  The objective of this 167 
spectroscopic technique is to identify the hydroxyl stretching vibrations. NIR spectroscopy is 168 
a technique which is basically proton spectroscopy so if a compound has a proton in the 169 
structure then these can be measured by NIR spectroscopy.  It is clear that the two minerals 170 
nekoite and okenite can be distinguished by their NIR spectra.  Further the spectra show 171 
bands in different positions.  The most intense band is found at 5183 cm-1 (nekoite) and 5207 172 
cm-1 (okenite). This band is attributed to water combination bands (ν1 + ν2).  The band at 173 
6981 cm-1 of nekoite and the two bands at 6792 and 7008 cm-1 of okenite are due to the first 174 
overtone of the water stretching fundamental (2ν1).  The band at 8539 cm-1 of nekoite and the 175 
band at 8581 cm-1 of okenite is assigned to a combination band (2ν1 +ν2 or ν1 +ν3 +ν2).  The 176 
results of the NIR spectra suggest that water is hydrogen bonded in the structure of nekoite 177 
slightly weaker than for okenoite.  178 
 179 
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Hydrogen bonding in nekoite and okenite 180 
Studies have shown a strong correlation between OH stretching frequencies and both O…O 181 
bond distances and H…O hydrogen bond distances [24-27]. Libowitzky showed that a 182 
regression function can be employed relating the hydroxyl stretching frequencies with 183 
regression coefficients better than 0.96 using infrared spectroscopy [28]. The function is 184 
described as: ν1 = 1321.0
)(
109)3043592(
OOd 
 cm-1. Thus OH---O hydrogen bond distances may 185 
be calculated using the Libowitzky empirical function.  Table 1 reports the OH stretching 186 
vibrations and the calculated hydrogen bond distances. A range of hydrogen bond distances 187 
are observed from reasonably strong to weak hydrogen bonding. This range of hydrogen 188 
bonding contributes to the stability of the mineral.  Two types of OH units can be identified 189 
in the structures of nekoite and okenite.  The hydrogen bond distances previously established 190 
can be used to predict the hydroxyl stretching frequencies. The spectra of nekoite and okenite 191 
may be divided into two groups of OH stretching wavenumbers; namely 33003700 cm-1 and 192 
28003300 cm-1. This distinction suggests that the strength of the hydrogen bonds as 193 
measured by the hydrogen bond distances can also be divided into two groups according to 194 
the H-bond distances. An arbitrary cut-off point may be 2.74 Å based upon the wavenumber 195 
3300 cm-1. Thus, the last first two bands in the Raman and the first three bands in the infrared 196 
for nekoite listed in Table 1 may be described as strong hydrogen bonds and the last two 197 
bands in the Raman and the last three bands in the infrared may be described as relatively 198 
weak hydrogen bonds.  Similarly, the last first two bands in the Raman and the first two 199 
bands in the infrared for okenite listed in Table 1 may be described as strong hydrogen bonds 200 
and the last three bands in the Raman and the last four bands in the infrared may be described 201 
as relatively weak hydrogen bonds.  Both nekoite and okenite have water molecules 202 
occupying the empty spaces between the chains.  Both Raman and infrared spectroscopy 203 
show that water is in different environments and water is very strongly hydrogen bonded. 204 
Vibrational spectroscopy proves that water is not only a space filling molecule between the 205 
chains but that water is involved in the structure of the minerals.  206 
 207 
Conclusions  208 
Raman, near-infrared and infrared spectroscopy have been used to study the molecular 209 
structure of nekoite Ca3Si6O15·7H2O and okenite Ca10Si18O46·18H2O.  The two minerals 210 
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nekoite and okenite are both hydrated calcium silicates found respectively in contact 211 
metamorphosed limestone and in association with zeolites from the alteration of basalts. The 212 
minerals form two-Dimensional infinite sheets with other than six-membered rings with 3-, 213 
4-, or 5-membered rings and 8-membered rings.  The minerals show zeolitic properties with 214 
water taking the space between the silicate sheets.   215 
The Raman and infrared spectra of the OH stretching region shows complexity with multiple 216 
bands observed. By using a Libowitzky type equation, hydrogen bond distances may be 217 
calculated. Two types of hydrogen bonds are distinguished: strong hydrogen bonds associated 218 
with structural water and weaker hydrogen bonds assigned to space filling water molecules. 219 
The significance of these calculations rests with the involvement of water as structural water. 220 
Vibrational spectroscopy shows that water is chemically bonded in the structure of nekoite 221 
and okenite.   222 
 223 
Acknowledgments 224 
The financial and infra-structure support of the School of Chemistry, Physics and Mechanical 225 
Engineering, Science and Engineering Faculty, Queensland University of Technology is 226 
gratefully acknowledged. The Australian Research Council (ARC) is thanked for funding the 227 
instrumentation. 228 
 229 
230 
10 
 
References 231 
[1] A.W. Nicol, Acta Crystallographica, Section B: Structural Crystallography and 232 
Crystal Chemistry 27 (1971) 469. 233 
[2] J.A. Gard, H.F.W. Taylor, Mineral. Mag. 31 (1956) 5. 234 
[3] A. Alberti, E. Galli, American Mineralogist 65 (1980) 1270. 235 
[4] R.A. Chalmers, A.W. Nicol, H.F.W. Taylor, Mineral. Mag. 33 (1962) 70. 236 
[5] S. Merlino, American Mineralogist 68 (1983) 614. 237 
[6] K.S. Mamedov, N.V. Belov, Doklady Akademii Nauk SSSR 121 (1958) 720. 238 
[7] Y. Okada, T. Masuda, H. Ishida, H. Nishido, Journal of the Ceramic Society of Japan 239 
102 (1994) 919. 240 
[8] Y. Okada, H. Shibasaki, T. Masuda, Onoda Kenkyu Hokoku 45 (1994) 126. 241 
[9] A.V. Phadke, L.K. Kshirsagar, Mineral. Mag. 43 (1980) 677. 242 
[10] R.L. Frost, Y. Xi, J. Mol. Struct. 1010 (2012) 179. 243 
[11] R.L. Frost, Y. Xi, S.J. Palmer, K. Tan, G.J. Millar, J. Mol. Struct. 1011 (2012) 128. 244 
[12] H. Cheng, Q. Liu, J. Yang, J. Zhang, R.L. Frost, X. Du, J. Mol. Struct. 990 (2011) 21. 245 
[13] R.L. Frost, S.J. Palmer, J. Mol. Struct. 988 (2011) 47. 246 
[14] R.L. Frost, S.J. Palmer, Y. Xi, J. Mol. Struct. 1001 (2011) 43. 247 
[15] R.L. Frost, S.J. Palmer, Y. Xi, J. Mol. Struct. 1004 (2011) 88. 248 
[16] R.L. Frost, S.J. Palmer, Y. Xi, J. Mol. Struct. 1005 (2011) 214. 249 
[17] R.L. Frost, Y. Xi, S.J. Palmer, J. Mol. Struct. 1001 (2011) 56. 250 
[18] R.L. Frost, Y. Xi, S.J. Palmer, J. Mol. Struct. 1001 (2011) 49. 251 
[19] R.L. Frost, Y. Xi, S.J. Palmer, K. Tan, J. Mol. Struct. 1005 (2011) 78. 252 
[20] J.W. Anthony, R.A. bideaux, K.W. Bladh, M.C. Nichols, Silica, Silicates. Mineral 253 
data Publishing, Tucson, Arizona, 1995. 254 
[21] E. Dowty, Physics and Chemistry of Minerals 14 (1987) 542. 255 
[22] E. Dowty, Physics and Chemistry of Minerals 14 (1987) 122. 256 
[23] E. Dowty, Physics and Chemistry of Minerals 14 (1987) 80. 257 
[24] J. Emsley, Chemical Society Reviews 9 (1980) 91. 258 
[25] H. Lutz, Structure and Bonding (Berlin, Germany) 82 (1995) 85. 259 
[26] W. Mikenda, Journal of Molecular Structure 147 (1986) 1. 260 
[27] A. Novak, Structure and Bonding (Berlin) 18 (1974) 177. 261 
[28] E. Libowitsky, Monatschefte fÜr chemie 130 (1999) 1047. 262 
 263 
 264 
265 
11 
 
Table 1 266 
Nekoite 
Raman Infrared 
2810 cm-1 2.6127 Å 2787 cm-1 2.6089 Å 
3071 2.6663 3056 2.6626 
3380 2.7676 3268 2.7291 
3502 2.8983 3391 2.7921 
3567 3.0675 3503 2.8998 
  3579 3.1539 
Okenite 
Raman Infrared 
3029 2.6561 2804 2.6117 
3284 2.7358 3041 2.6589 
3417 2.8104 3335 2.7597 
3531 2.9497 3403 2.8003 
3607 3.1200 3539 2.9682 
  3610 3.1200 
 267 
 268 
 269 
 270 
 271 
 272 
273 
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